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PROPERTIES  OF  ABLATIVELY  ACCELERATED  TARGETS 


I.  Introduction: 

The  essence  of  our  approach  towards  laser  fusion  at  the  Naval  Research 
Laboratory  is  depicted  in  the  cartoon  shown  in  Fig.  1.  Laser-plasma 
experiments  done  at  high-ir radiance  by  us  and  others  have  elucidated  a 
number  of  physics  results  which  are  not  favorable  to  laser  fusion.  Among 

these  "devilish"  effects  which  are  forcing  us  to  lower  irradiance  are 

1  2 
Brillouin  backscatter,  preheat  from  energetic  electrons,  poor  driver 

3 

and  hydrodynamic  efficiencies  and  poor  heat  transport.  On  the  other 
hand,  too  low  an  irradiance  may  cause  trouble  through  hydrodynamic 
instability.  We  are  trying  to  find  an  "irradiance  window"  acceptable 
to  laser  fusion  between  the  devil  and  the  deep  blue  sea.  Hopefully, 
there  is  such  a  window. 

The  experiments  that  will  be  described  are  directed  towards  the 

stable  acceleration  of  planar  foils  and  discs  to  speeds  thought  to  be 

required  to  initiate  pellet  ignition  (2  x  10^  cm/sec)  with  good  overall 

efficiency  and  on  a  low  adiabat  (low  preheat).  (Fig.  2).  We  use  planar 

targets  in  our  experiments  which  can  be  thought  of  as  a  small  section  of 

a  larger  pellet  surface  before  convergence  effects  become  important.  This 

affords  rear  surface  diagnostic  and  interpretational  simplicity.  The  focal 

diameter  requirement  will  be  discussed  later.  We  are  investigating 
13  14  2 

the  long-pulse,  10  -  10  W/cm  laser  regime  which  may  contain  the  sought 

after  window  at  1.05pm  wavelength. 

The  stages  of  the  ablative  acceleration  process, shown  in  Fig.  3. 
will  be  discussed  in  this  paper  approximately  in  the  order  in  which 
they  occur.  That  is,  first  the  laser  energy  is  absorbed  near  the 
critical  surface.  This  energy  then  flows  towards  the  ablation  surface 
where  material  is  ablated  (blown-off)  much  as  is  a  rocket  exhaust,  and  the 
Manuscript  submitted  April  9,  1980. 


target  is  accelerated  forward.  Eventually  the  target  either  reaches  the 
final  desired  speed  and  condition  or  irradiation  non-uniformity  and  hydro¬ 
stability  effects  manifest  themselves.  It  is  important  to  note  that  when 
we  say  ablative  acceleration  we  mean  the  continuous  rocket-like  acceleration 
of  the  target  due  to  the  plasma  blow-off.  This  is  not  an  explosive 
acceleration  such  as  in  exploding  pusher  targets  or  as  in  targets  with 
thick  walls  where  the  outer  layer  is  exploded  away  and  the  colder  inner 
portion  reacts  impulsively.  Here  we  will  review  experimental  results  on 
the  ablative  acceleration  process,  reported  previously  by  us,  and  then 
describe  material  which  has  not  yet  been  presented  elsewhere. 

II.  Experimental  description: 

The  driver  for  the  experiments  is  the  Pharos  il  Nd-phosphate  laser 

which  is  summarized  in  Fig.  4.  The  laser  is  described  elsewhere  by 

J.M.  McMahon.^  The  most  important  features  of  Pharos  II  in  regard  to  the 

experiments  described  here  are  that  it  delivers  more  than  200  J  in 

nanoseconds  with  a  fairly  flat-topped  uniform  focal  distribution  of  1-mm 
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diameter  and  of  order  10  W/cm  ir radiance. 

The  experiment  is  shown  schematically  in  Fig.  5.  The  Incident  beam 
is,  of  course,  well-diagnosed:  the  energy,  temporal  behavior  and  spatial 
properties  of  the  focal  distribution  are  measured  on  each  shot.  The 
laser  light  is  focused  onto  the  targets  with  an  f/6,  1.2m  focal  length  lens. 

The  target  is  placed  in  the  near-field  of  the  lens  so  as  to  achieve  the  most 
uniform  possible  irradiation  with  about  1-mm  diameter  focal  spot.  Absorption 
and  asymptotic  plasma  properties  are  measured  several  ways  including:  a 
box  calorimeter  with  and  without  an  ion  shield;  arrays  of  paired  miniature 
calorimeters,  one  accepting  light  and  the  other  all  emissions;  a  time-of-f 1 ight 


ion  detector  array  for  velocity  Information;  and  a  ballistic  pendula  array 


fior  direct  momentum  measurement.  Heat  transport,  both  axial  and  lateral, 
is  investigated  using  a  variety  of  x-ray  diagnostics  and  techniques. 
Time-resolved  measurements  of  the  acceleration  process  before,  during 
and  after  the  incident  laser  pulse  strikes  the  target  are  made  using  a 
frequency  doubled,  527~nm,  optical  probe  beam  of  duration  0.3  nsec  via 
Interferometry,  shadowgraphy,  and  a  temporally  stretched  probe  for  streak 
photography.  Probe  light  is  sometimes  reflected  from  the  target  rear 

6 

to  obtain  Its  velocity  across  a  diameter  via  a  Doppler  shift  measurement. 

In  addition,  other  special  techniques  are  used, for  example,  to  obtain 
the  temperature  of  the  target  rear  (from  time-resolved  blackbody  emission 
measurements) J  to  obtain  the  density  distribution  within  the  accelerating 
target  (double-target  experiments),  or  to  obtain  ablation  rates  and  axial 

g 

heat  transport  (layered  targets),  or  illumination  uniformity  requirements 

q 

(coded  lens'  apertures).  These  techniques  will  be  described  later  in  this 
report.  Most  properties  are  diagnosed  in  a  multiplicity  of  ways  to  Insure 
self-consistency  and  to  give  confidence  In  the  results. 

III.  Absorption: 

ii  g 

The  laser  absorption  properties  have  been  described  elsewhere  ’  so 

here  we  summarize  just  the  major  results.  (Fig.  6).  The  basic  finding 

12 

is  that  for  3~nanosecond  pulses  at  low-ir rad  lance,  l.e.,  10  to  a  few 

1  *  2  0  q 

times  10  W/cm  ,  the  absorptions  are  high  at  values  of  about  80%  to  90%.  * 

1 4  2 

As  irradiance  increases  above  10  W/cm  range,  absorption  Is  seen  to 
decrease.  At  low- i r radiance  the  absorbed  energy  appears  predominantly 
thermal  lo  character.  This  is  seen  In  Fig.  7  which  shows  three  x-ray 
spectra  at  different  incident  trradiances.  All  three  spectra  show  a 
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slope  consistent  with  a  250-300  eV  temperature  in  the  1-4  keV  portion  of 
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the  x-ray  spectra.  The  cases  at  about  10  W/cm  and  below  exhibit  minimal 
high  energy  tails  (hot  electrons),  indicating  that  absorption  is  predominantly 
thermal.  As  the  incident  laser  Irradiance  is  increased,  the  hot-electron 
tail  Increases  up  to  values  comparable  to  those  found  in  hlgh-i rradiance 
experiments.  The  point  is,  however,  that  at  low- irradiance  where  we  hope 
to  find  the  irradiance  window,  the  laser  absorption  is  excellent  and  pre¬ 
dominantly  thermal.  This  is  desirable  for  the  laser  fusion  application. 

IV.  Ablative  Acceleration: 

Now  we  will  address  the  ablation  and  acceleration  properties  of  the 
target.  Fig.  8  shows  interferometric  and  shadowgraphic  optical  views 
of  the  target  during  the  acceleration  process,  along  with  the  applied 
focal  distribution.  The  probe  pulse  is  passed  tangential  to  the  target 
surface  at  various  times  indicated  relative  to  the  peak  of  the  incident 
laser  pulse.  The  iso- intens i ty  contours  within  the  focal  distribution 
differ  by  0.4.  Note  that  the  focal  spot  is  relatively  flat-topped,  1-mm 
diameter  and  has  about  ±50%  non- uni  form i ty.  The  blow-off  plasma  (ablation 
plasma)  goes  off  to  the  left  and  one  can  see  the  target  react 
and  accelerate  to  the  right.  The  interferogram  shows  a  well-defined  planar 
slug  of  material  with  little  plasma  (lack  of  fringe  bending)  beyond  it. 

The  dual-time  shadowgrams  taken  on  the  same  shot  indicate  a  velocity 
of  about  107  cm/ sec.  At  the  later  times  shown  the  target  has  been 
accelerated  by  more  than  70  times  its  original  thickness,  crudely  corres¬ 
ponding  to  an  aspect  ratio  of  70,  without  evidence  of  gross  breakup. 

No  front  side  hot  plasma  was  found  on  the  rear,  nor  jets,  etc.  A  fuzzy 
rear  surface  is  noticeable  in  the  shadowgrams  at  late  times  but  its  origin 
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is  not  known  at  the  moment.  Possible  explanations  include:  an  optical 
artifact,  fluff,  or  possibly  the  result  of  very  short  wavelength  hydrodynamic 
instabi I i ty. 

Let's  now  review  some  of  our  observations  of  the  asymptotic  abla¬ 
tive  acceleration  process.^  The  angular  distribution  of  the  energy  and 
velocity  distribution  of  ablating  plasma  and  accelerated  target  is  shown 
on  the  right  and  left  sides  of  the  target  foil  in  Fig.  9.  The  ablated 
plasma  exhibits  the  well-defined  ablation  velocity  peak  first  discussed 
by  Sandia.^  All  species  and  ionization  states  are  ablated  with  nearly 

the  same  velocity  because  ion-ion  collision  rates  are  high  enough  above 
19  -3 

10  cm  density  to  cause  the  ablated  plasma  to  behave  as  a  single  fluid. 

The  average  ablation  velocity  and  target  velocity  are  obtained  from  these 

curves.  The  hydrodynamic  efficiency,  tih>  i.e.,  the  accelerated  target 

energy  divided  by  the  total  absorbed  energy,  is  obtained  by  integrating 

the  energy  angular  distributions.  The  ablated  mass  fraction,  Am/m,  is 

2 

obtained  from  the  integral  of  the  2E/u  distributions.  Results  obtained 

in  this  manner  are  plotted  in  Fig.  10  along  with  predictions  of  and  Am/m 

from  the  simple,  1-D,  steady-state  rocket  model.  The  targets  are  CH 

12  13  2 

foils  irradiated  at  5  x  10  -  10  W/cm  .  The  rocket  model  predicts  a 

peak  efficiency  of  65%  when  the  ablation  velocity,  u,  and  final  target 
velocity,  v,  are  comparable.  The  experimental  results  for  fall 
below  this  optimistic  prediction  due  to  the  fact  that  the  experiment 
is  not  completely  one-dimensional.  However,  values  of  greater  than  20% 
are  seen  routinely  for  targets  accelerated  to  speeds  of  1-2  x  10^  cm/sec. 
These  results  are  seen  to  be  insensitive  to  the  irradiation  spot  diameter. 
Efficiencies  this  high  are  favorable  to  the  laser  fusion  application. 
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Experiments  have  been  conducted  to  ensure  that  laser  irradiation 

spot  size  is  sufficiently  large  so  that  edge  effects  are  relatively  unlm- 
12 

portant.  Although  the  predictions  of  the  simple  rocket  model  are  not 

affected,  the  lateral  leakage  of  energy  out  of  the  edges  does  affect  the 

ablation  velocity,  mass  ablation  rates,  energy  partition,  and  uniformity 

of  the  acceleration.  Fig.  11  shows  the  dependence  of  the  average  ablation 

velocity  with  the  irradiation  diameter  at  constant  ir radiance.  Analogous 

results  are  found  at  higher  ir radiances  also.  It  is  seen  that  1-mm  spot 

diameters  are  sufficiently  close  to  the  asymptotic  ablation  velocity  to 

ignore  edge  effects.  Large  targets  also  allow  study  of  long  wavelength 

uniformity  and  stability  requirements. 

Ablation  velocity  is  not  a  strong  function  of  irradiance,  I,  as  shown 

in  Fig.  12,  increasing  as  1°’^.  This  remains  true  until,  in  the  mid-1011* 

2 

W/cm  range,  fast  ions  appear  and  degrade  the  ablation  process.  Ablation 
velocity  is  an  important  parameter  since,  for  a  given  desired  final  target 
velocity,  it  determines  the  highest  hydrodynamic  efficiency  that  can  be 
achieved.  The  fact  that  it  does  not  increase  strongly  with  irradiance  gives 
some  flexibility  in  the  final  choice  of  Irradiance. 

Ablation  pressure,  P,  is  another  important  parameter  since  this  deter¬ 
mines  the  rate  of  target  acceleration.  Pressure  can  be  expressed  and 
inferred  experimentally  in  several  ways.  For  example, 


mu^/A 

(a) 

2la<4/u 

(b) 

mv/A 

(c) 

w 

(d) 

The  first  three  relations  are  modifications  of  one-dimensional  treatments 
to  account  for  two-dimensional  effect. 
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Measurements  of  the  target  and  ablation  momentum  allow  a  determination  of 
the  pressure  using  Eq.  (id).  The  parameters  in  Eq.  (id)  are:  p^  the  inte¬ 
grated  normal  component  of  the  momentum; the  laser  pulse  duration; 


i 

f; 


?• 

I 

A 

k 

* 

» 

V 
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and  A  the  area  of  the  irradiated  disc.  A  picture  and  description  of  a 
type  of  ballistic  pendulum,  used  to  make  direct  total  momentum  measurements, 
is  shown  in  Fig.  13.  Arrays  of  these  pendula  have  been  placed  on  both  sides 
of  the  target,  and,  on  some  shots,  the  target  itself  is  mounted  on  the 
totally  capturing  pendulum  of  Fig.  13.  Typical  results  are  shown  in  Fig.  14. 
Momentum  is  conserved  in  these  experiments  and  the  absolute  calibration  fac¬ 
tors  of  the  pendula  are  known.  Pressure  versus  absorbed  irradiance  is 

shown  in  Fig.  15  for  several  CH  disc  target  diameters.  Multi-megabar  pressures 

0  9 

are  evident  with  a  I  *  dependence  upon  absorbed  irradiance  I  .  Another 

9  3 

method  to  obtain  the  momentum,  to  be  inserted  in  Eq.  (id)  to  infer  the 

pressure,  is  to  use  p  =  2(E/u),  ,  i.e.,  the  angular  distribution  of  plasma 
energy  E  divided  by  the  velocity  in  the  plasma  blowoff  times  cos  0  and  aver¬ 
aged  over  all  solid  angles.  Both  these  methods  agree  to  better  than  30%.^ 
Estimates  of  pressure  using  Eqs.  (la)-(lc)  also  agree  with  these  data  within 
a  factor-of-two. 

Estimates  of  the  mass  ablation  rate  can  also  be  made  by  several 
methods.  We,  in  fact,  strive  in  our  experiments  to  obtain  as  many 
independent  measures  as  possible  of  all  observables  to  check  for  consistency. 

In  addition  to  the  usual  measures  of  m  by,  for  example,  dividing  the 
observed  ablated  mass  by  the  pulse  duration,  looking  at  the  time-resolved 
response  of  the  target,  etc.,  we  also  obtain  m  from  time-integrated  and 
time-resolved  layered  target  experiments.  The  method  has  been  used 
previously^’  arid  its  logic  is  outlined  in  Fig.  16.  Aluminum  line  radiation 
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In  the  1  to  2  keV  region  Is  typically  10  -times  more  intense  than  CH 

emission  when  heated  to  a  few-hundred  electron  volts.  By  placing  CH  over 

an  A£  target  and  observing  the  intensity  and  temporal  x-ray  emission 

dependence  upon  CH  layer  thickness,  the  thickness  of  CH  ablated  per  unit 

time  can  be  estimated.  Such  data  at  two  irradiances  are  shown  in  Fig.  17. 

One  sees  the  magnitude  of  the  x-ray  signal  increases  rapidly  for  CH- layer 

12  2 

thicknesses  less  than  0.6pm  and  2pm  at  irradiances  of  2  x  10  W/cm  and 
13  2 

10  W/cm  (spot  diameter  =  230pm)  which,  when  divided  by  the  3~nsec 

2 

pulse  duration,  gives  CH  mass  ablation  rates  of  0.06  and  0.2  gm/cm  -nsec, 

respectively.  From  the  time-resolved  x-ray  traces  shown  on  the  right 

side  of  Fig.  17  one  sees  the  delayed  enhanced  x-ray  emission  when  the 

heat  finally  reaches  the  A£  substrate  after  ablating  the  2pm  layer  of 

13  2 

CH  late  in  the  laser  pulse  (at  10  W/cm  ).  The  delayed  emission  precludes 
hot  electron  or  x-ray  heating  of  the  substrate.  The  target  appears  to 
be  peeled  like  an  onion  by  the  ablation  process. 

V.  Rear  Surface  Temperature: 

Eventually,  the  heat  from  the  hot  front  (ablating)  side  of  the  target 
reaches  the  cold  rear  surface.  Measurements  of  the  temporal  history 
of  the  target  rear  temperature  leads  to  estimates  of  the  fuel  preheat 
and  isentrope,  and,  hopefully,  an  understanding  of  heat  transport  mechanisms 
into  the  target.^  Time-resolved  rear  surface  temperatures  are  found  by 
measuring  the  absolute  intensity  of  the  visible  continuum  at  several 
wavelengths,  using  the  arrangement  shown  in  Fig.  18,  and  relating  them 
to  blackbody  emission.  Approximately  one- nanosecond  time  resolution  is 
obtained  in  this  apparatus.  Some  of  these  peak  intensity  data  are  plotted 
in  Fig.  19  versus  wavelength.  Both  data  and  blackbody  curves  are  absolute. 


Note  the  good  agreement  in  magnitude  (brightness-temperature)  and  shape 

(color-temperature).  Note  also  that  the  thicker  the  target  the  lower  the 

peak  temperature  on  the  rear  surface.  The  time  history  of  the  rear  surface 

temperature  is  illustrated  in  Fig.  20.  Here  it  is  seen  that  the  heat 

reaches  the  target  rear  surface  late  in  the  laser  pulse  and  the  temperature 

rise  is  delayed  with  increasing  target  thickness.  The  mode  of  heat 

transport  causing  this  temperature  rise  is  still  not  uniquely  determined 

and  such  processes  as  thermal  conduction,  shock  wave  heating,  fast  electrons 

14 

and  radiant  heating  are  being  considered.  Although  the  observed  tempera¬ 
tures  between  0.5  and  20  eV  may  affect  the  present  experiments,  they  are 
not  alarmingly  large  for  the  laser  fusion  application  since  the  reactor 
sized  pellets  will  have  much  thicker  walls  than  these  present  targets  which 
should  better  insulate  the  fuel. 

IV.  Uniformity  Requirements: 

We  have  shown  up  to  this  point  that  the  physics  looks  attractive 
for  a  low-ir radiance  long-pulse  approach  to  laser  fusion:  the  absorption 
and  hydrodynamic  efficiencies  are  very  high;  the  energy  is  absorbed 
predominantly  thermally,  the  target  acceleration  is  ablative  with  final 
velocities  greater  than  10^  cm/sec,  i.e.,  nearly  the  required  speed, 
and  preheat  is  low.  A  crucial  issue  that  remains  is  what  illumination 
uniformity  (or,  target  uniformity)  is  needed  to  achieve  the  one-percent 
or  so  pressure  uniformity  at  the  ablation  surface  required  to  do  a 
high-convergence  compression  of  a  pellet?  Some  of  the  considerations 
involved  in  this  question  are  illustrated  in  Fig.  21.  Hot-spots  in  the 
driver  irradiation  (or  target  imperfections)  cause  kinematic  non-uniform 
accelerations  due  to  ablation  pressure  and  local  mass  ablation  rate 
variations.  These  variations  may  be  further  aggravated  by  growth  of 


Raylelgh-Taylor  hydrodynamic  Instability.  Thermal  conduction  tends  to  wash 

out  these  hot  spots  by  diffusion  of  heat  between  the  absorption  region, 

n  >  and  the  ablation  surface,  n  .  The  better  the  lateral  thermal  conduc- 
c  a 

tion,  the  less  effect  the  hot  spots  have  on  the  acceleration.  Also,  the 
better  the  axial  thermal  conduction,  the  larger  is  the  separation  between 
n  and  n  and  hence  longer  wavelength  non-uniformities  can  be  washed  out. 

C  a 

Some  tests  of  the  effect  of  incident  beam  non-uniformities  upon  the  accel¬ 
erating  target  velocity  profile  are  shown  in  Figs.  22  and  23.  The  tech¬ 
nique  used  here  to  measure  the  velocity  profile  across  the  target  rear 
is  to  measure  the  Doppler  shift  of  a  short-duration  (0.3  nsec)  probe  pulse 
reflected  off  of  the  rear  target  surface  into  a  stigmatic  spectrograph.^ 
Fig.  22  shows  two  such  profiles  taken  at  the  peak  of  the  laser  pulse 
along  with  the  associated  irradiation  Intensity  profile.  A  relatively 
well-behaved  irradiation  profile  (top)  yields  a  well-behaved  velocity  pro¬ 
file.  In  the  example  on  the  bottom  of  Fig.  22,  however,  we  impressed  a 
6:1  incident  intensity  variation  separated  by  about  100pm  on  the  target 
by  placing  a  crude  coded  aperture  (strip  of  paper)  across  the  focusing  lens 
The  resulting  target  velocity  profile  showed  about  2:1  corresponding  varia¬ 
tions.  Thus,  some  wash  out  of  impressed  irradiation  nonuniformity  is  accom 
plished  on  100-pm  lateral  scale  implying  that  the  distance  between  nc  and 
n  is  also  the-order-of  100pm. Fig.  23  shows  another  example, 

d 

but  with  a  1 -mm  laser  spot  diameter,  along  with  an  x-ray  pinhole  photo 
densitometer  trace  across  the  corresponding  target  diameter. 

VII.  Double-target  experiments: 

There  is  great  need  of  a  technique  which  can  diagnose  the  high- 


density  region  of  the  target  on  a  time-resolved  basis.  X-ray 
backlighting  is  one  approach  which  shows  great  promise  of  doing  these 
measurements.  However,  our  backlighting  experiments  are  in  the  formative 
stage  so  we  tried  another  technique,  that  of  using  double- targets  to  obtain 
much  the  same  information.  The  double-target  experimental  technique  is 
illustrated  in  Fig.  24.  A  second  target  (impact  plate)  is  placed  behind  the 
accelerating  first  foil.  Upon  impact  the  second  target  responds  much  as 
a  miniature  ballistic  pendulum  and  its  resulting  motion  gives  information 
about  the  irradiated  target.  By  choice  of  mass,  thickness  and  spacing 
of  the  two  foils,  the  technique  can  act:  as  a  planar  analogue  to  a 
double-shell  pellet  in  velocity  multiplication  experiments,  as  a  diagnostic 
of  the  first  target's  properties,  or  to  create  high-pressures  by  quickly 
dumping  the  momentum  built  up  over  a  long  acceleration  period  of  the  first- 
target  onto  the  second-target.  Here,  we  will  only  discuss  some  recent 
experiments  in  the  diagnostic  mode.  Fig.  25  illustrates  the  principle 
behind  these  experiments.  The  blobs  of  accelerated  plasma,  as  seen  for 
example  in  the  interferograms  of  Fig.  8,  may  contain  a  density  profile 
as  sketched  in  Fig.  25,  that  is,  a  low  density  precursor  region  followed 
by  a  well-defined  and  localized  high  density  region.  When  this  profile  hits 
the  second  (diagnostic)  target  it  responds  to  the  applied  pressure  as 
Pj(t)«  P j v j m^  ^2’  By  observing  the  time-resolved  acceleration  of  the 
second  target  with,  for  example,  a  streak  camera  or  framing  photography, 
or  with  the  Doppier  shift  technique  previously  described,  the  density 
and  pressure  profiles  of  the  laser  accelerated  material  can  be  deduced. 

Until  the  exact  nature  (elastic  vs.  inelastic,  etc.)  of  the  collision  is 
determined  these  estimates  are  good  to  about  a  factor-of-two.  Fig.  26 


shows  a  double-disc  target  before  irradiation.  Fig.  27  shows  a  repre¬ 
sentative  shot  with  a  double-foil  (top)  and  corresponding  single-foil 
(bottom)  at  three-times  with  respect  to  the  peak  of  the  laser  pulse,  i.e., 
before,  +9  nsec,  and  +11.5  nsec.  Note  that  the  stagnation  of  the  first 
foil  against  the  second  at  9  nsec  implies  that  a  low  density  precursor 
rides  ahead  of  the  high  density  region.  Another  example  of  a  double-foil 
shot  which  shows  similar  behavior,  but  perhaps  more  clearly,  via  streak 
photography  is  shown  in  Fig.  28.  The  irradiation  conditions  and  geometry  are 
shown  on  top,  a  before-shot  streak-shadowgram  (0.53j»m)  photo  showing  the 
location  of  the  two  foils  and  timing  markers  in  the  middle,  and  the  actual 
shot  on  the  bottom.  One  sees  the  first  foil  accelerate  during  the  incident 
laser  pulse  and  strike  the  second  foil.  A  dwell  period  follows  in  which  the 
second  foil  does  not  respond.  This  again  implies  a  very  low  density  pre¬ 
cursor  in  front  of  the  main  target  mass.  Finally,  the  second-foil  apparently 
accelerates  to  full  speed  within  one-nanosecond  implying  a  very  well-defined 
and  localized  high-density  region  in  the  accelerated  target.  (As  an  aside, 
note  that  the  front  surface  of  the  second-target  foil  is  slowly  expanding 
before  being  struck  by  the  first-target  perhaps  due  to  radiant  heating  by 
the  first  target.) 

VIII.  Conclusions: 

13  1 4  2 

The  major  benefits  of  a  low- i rradiance  (10  3  -  10  W/cm  ) ,  long- 
pulse  (multi-nsec)  approach  to  laser  fusion  are  enumerated  in  Fig.  29. 

High  driver,  absorption,  and  hydrodynamic  efficiencies  are  demonstrated. 

The  driver  pulse,  laser  or  whatever,  can  be  relatively  unshaped  and  the 


b 


reactor  pellets  relatively  simple.  The  physics  issues  addressed  thus  far  look 
attractive:  the  absorption  is  efficient  (~80!)  and  predominantly 
thermal  (250-300  eV) .  Preheat  is  low  («few  eV)  and  continuous  ablative 
acceleration  works  well  with  demonstrated  final  target  velocities 
above  1  x  10'  cm/sec  and  high  hydrodynamic  efficiencies  (£20%)  without 
gross  breakup  of  the  target.  We  showed  that  small  scale  (less  than  100pm) 
incident  nonuniformities  tend  to  get  washed  out  at  the  ablation  surface 
via  lateral  thermal  conduction.  Also,  double-target  experiments  designed 
to  test  double-shell  velocity  multiplications,  to  serve  as  a  diagnostic,  and 
to  generate  high  pressures  are  possible.  A  number  of  important  questions 
remain,  however.  These  include:  the  effect  of  mul ti -mi  1 1 i meter  density 
scale  lengths,  expected  in  reactor  sized  pellets,  upon,  for  example,  large 
amplitude  stimulated  Brillouin  backscatter;  a  more  precise  study  of 
illumination  symmetry  requirements;  and  finally,  the  ultimate  importance 
of  hydrodynamic  instability  which  may  dictate  the  lowest  irradiance  possible. 

Our  conclusion  and  outlook  are  best  summed  up  in  Fig.  30. 
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ABLATIVE  ACCELERATION 

STABILITY  ABLATION 


ACCELERATION  ABSORPTION 

HEAT  TRANSPORT 


Figure  3 


PHAROS  II  LASER 

o  Nd-PHOSPHATE  GLASS,  1.054  pm 
500-1000  J,  3  nsec 

o  FOCAL  SPOT  UNIFORM  1  mm  DIA 
l»1013-  1C?4  W/cm2 

Figure  4 
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EXPERIMENTAL  ARRANGEMENT 


ABSORPTION  SUMMARY 


X-RAY  SPECTRA  IRRADIANCE  DEPENDENCE 


t - 1 - 1 - 1 - 1 - 1 - 1 - 1 - r 


X-RAY  ENERGY  (kaV) 

Figure  7 


(b)  INTERFEftOQMtAM 


(•)  FOCAL  DISTRIBUTION 


MEASUREMENT  OF  ABLATION  PARAMETERS 


ABLATIVE  ACCELERATION:  EXPERIMENT  AND  THEORY 


ABLATION  VELOCITY/TARGET  VELOCITY,  Ui/VA 
Figure  10 


ABLATION  VELOCITY 


ABLATION  VELOCITY  vs  LASER  SPOT  SIZE 


LASER  DIAMETER  (mm) 

Figure  11 


ABLATION  VELOCITY  vs  IRRADIANCE 


IRRADIANCE  I  (1012  W/cm2) 
Figure  12 
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Figure  13 
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BALANCE  TARGET  -  BLOWOFF MOMENTUM 

7x1012  W/cm2 

SPOT  DIAMETER = 425  /an 

12  fim  CH  FOIL  TARGET 


10±3  9± 1 

(DYNE-SEC)  (DYNE-SEC) 


Figure  14 


RAY  INTENSITY  RATIO  (CM  ON  Al 


VELOCITY  (10*  eiVMC)  VELOCITY  (10*  cmfMC) 


ILLUMINATION  SYMMETRY 


DOPPLER  REAR  SURFACE  VELOCITY  PROFILES 


POSITION  (Mm) 


Figure  22 


Figure  23 


DOUBLE-TARGET  EXPERIMENTS 


O  VELOCITY  MULTIPLICATION 
(analogue  to  double  oholl  pollot ) 

o  DIAGNOSTIC  TOOL 
O  HIGH-PRESSURE  GENERATION 

IMPACT 

Figure  24 


DIAGNOSTIC  OF  PRESSURE  DISTRIBUTION 


Figure  25 
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Fig.  28  -  Double-foil  experiments 
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BENEFITS  OF  LOW-IRRADIANCE  APPROACH 


o  HIGH  DRIVER,  ABSORPTION  and  HYDRO  EFFICIENCIES 
O  UNSHAPED  PULSES 
O  SIMPLE  TARGETS 
o  PHYSICS  LOOKS  GOOD  SO  FAR 

absorption  tharmal 
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double  targets  possible 

?  LONG  SCALELENGTH  EFFECTS 
?  ILLUMINATION  SYMMETRY  REQUIREMENTS 
?  RAYLEIGH- TAYLOR  INSTABILITY 

Figure  29 


CONCLUSION 


HYDRODYNAMIC  INSTABILITY  T 


Figure  30 


